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As its name implies, the pulsed eddy current (PEC) method makes use of 
a short burst of excitation current, rather than continuous sinusoidal 
(CW) current as is the case with conventional eddy current probes. 
Reflected fields, including flaw signal fields, are therefore 
time-dependent in the pulsed case, and are characterized by peak signal 
amplitude, pulse arrival time and signal decay parameters, rather than 
amplitude and phase as in the CW case. 
The physics of pulsed eddy current behavior is described by the 
time-dependent diffusion equation. Eddy current pulse propagation is 
therefore characterized by delay times proportional to the square of the 
distance traveled, and by spatial and temporal broadening as the distance 
increases. On this basis one would expect that the pulse arrival and 
decay times observed when a pulse interacts with a defect will be related 
to flaw geometry. This expected relationship between flaw size and shape 
and transient signal features is the principal motivation for study of the 
PEC method. 
Previous experimental work with PEC signals from surface-breaking slots 
indicates that the decay characteristics of such signals correlate with 
slot depth.1 A tentative explanation of this effect has been proposed, 
based on the simple point flaw model described below. The purpose of the 
present work was to investigate the effect using a more realistic model 
that takes into account the extended geometry of crack-like defects. The 
new model, which is described in the second section of this paper, will 
also provide a basis for future studies of the influence of pulse shape on 
crack depth measurements. 
THE CRACK DEPTH EFFECT 
Our expectation that PEC signals from cracks will show depth 
dependence has its origin in the work of Kahn, et a1.,2 who calculated 
the eddy current distribution around a surface-breaking crack in the case 
of sinusoidal excitation. Their results showed that, regardless of 
excitation frequency, the presence of a crack leads to a depletion of 
current density near the intersection of the crack with the surface, and 
an enhancement of current density around the crack tip. Because these 
effects are present at all frequencies, they are also to be expected in 
the time-dependent case, which is the Fourier transform of the current 
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density distribution in the frequency domain. Thus, both the surface 
depletion and tip enhancement effects tend to make transient current 
densities around the crack tip more important than at any other point on 
the crack face. This leads us to expect that the signal from a 
surface-breaking crack might resemble, at least approximately, the signal 
we would receive from a distribution of point sources of current density 
concentrated at the crack tip. If we assume that this is the case, then a 
simple calculation based on time-dependent diffusion theory for a point 
source3 shows that the impulse response function for the PEC signal from a 
crack should show the depth dependence illustrated in Figure 1. 
DEPTH =d1 
SIGNAL 
TIME 
Fig. 1. Time-dependent diffusion kernel for a point source, showing the 
effects of source depth on signal shape. 
For a crack of depth d1, Figure 1 shows the typical, diffusion-like 
time dependence, starting at zero at t=O, rising to a peak at a time 
characteristic of the depth, followed by a decay, the rate of which also 
depends on depth. For a deeper crack, like that of depth 2d1 in the 
figure, the peak occurs at a later time and the rise and decay times are 
longer. 
This, then, is the type of relationship we would expect to see 
between crack depth and PEC flaw signals, if crack tip effects dominate as 
assumed. The fact that qualitatively similar trends have been 
experimentally observed1 has led us to the present work to see if a 
two-dimensional crack model supports our interpretation. 
DEVELOPMENT OF THE MODEL 
To avoid geometrical complications, we've chosen a simple model of an 
infinitely long crack in a half-space, as shown in Figure 2. The incident 
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field is a plane wave and gives rise to a magnetic field intensity H0 (t) 
perpendicular to the plane of the figure, on the plane and crack surfaces. 
The mathematical problem is therefore that of solving the diffusion 
equation, 
(1) 
which is derived from Maxwell's equations in the quasistatic 
approximation, subject to the boundary conditions shown in Figure 2. 
not difficult to show that the solution can be written in the form4 
It's 
where ~0 is related to the source field H0 by another integral, 
and where ~ satisfies the wave equation, 
subject to the condition ~ 1 on the surface. 
l I 
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( 2) 
(3) 
( 4) 
Fig. 2. Geometry for the calculation of pulsed eddy current crack 
signals. 
The problem therefore reduces to that of calculating ~· To do this 
we first let ~ be the sum of two functions, ~1 and ~2' which also satisfy 
the wave equation. The function ~1 is the infinite half-space solution, 
as indicated in Figure 3, and is therefore a simple plane wave. The 
second function, ~2 , is then an odd function of the vertical coordinate 
and satisfies the boundary conditions shown in the lower part of the 
figure. The equation for ~2 can be rewritten as an integral equation in 
the usual way, 5 which gives 
. f d c 1> oh 1-cosky = ~ -d H 0 [kly- y' ll ( 0x,) 0 dy' (5) 
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where X and y are r~J horizontal and vertical coordinates, respectively, 
in Figure 3, and H 0 is a Hankel function. This equation was solved 
numerically for the normal derivative of ~2 on the crack surface. The 
normal derivative, according to (2), determines the normal derivative of 
H, and hence the tangential component of the electric field on the 
surface. According to the reciprocity theorem, as we will show next, 
this is all we need to calculate flaw response. 
The reciprocity theorem in the CW case tells us that the flaw signal 
can be written as the following integral over the crack surface6 : 
( 6) 
where fields with subscript 1 are those on the crack face in the presence 
of the source field H0 • The subscript 2 indicates hypothetical fields 
that would be produced in the absence of a flaw if the receiver coil were 
activated. The symbol I denotes the excitation current, and the functions 
H /I and E/I are therefore response functions, i.e., fields per unit 
current. To simplify the mathematics we take the receiver fields, as well 
as the incident fields, to be uniform over the unflawed plane surface. 
Fig. 3. Boundary conditions on the auxiliary functions ~1 and ~2 • 
-+ 
Be~ause c: 2 
normal n points 
in the integral 
length, 
-+ 
and H1 are continous across the flaw, and the surface 
in opposite directions on the two faces, the second term 
drops out and we find, for the flaw signal per unit flaw 
t 
t H 2 dT) 
E-
1 I 
(7) 
where T) is the distance from the crack tip, d is the crack depth, and the 
superscripts t denote tangential components. 
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Next we note that the CW flaw response integral can be regarded as 
the Fourier transform of a time dependent flaw signal. The time dependent 
version of the reciprocity theorem is therefore obtained by taking the 
inverse transform and applying the convolution theorem. The result is 
(8) 
t 
where H2/I is the impulse response function for the H field in the 
absence of a flaw, and is t~erefore known.3 Thus, determination of the 
tangential electric field E1completes the calculation. 
PULSE SHAPE CONSIDERATIONS 
To obtain numerical results it is necessary to specify the source 
field H0 (t), Which is proportional to the time-dependent excitation 
current. If we were to use a simple Gaussian pulse, like that shown at 
the top of Figure 4, then the voltage induced in the receiver, being 
proportional to dH/dt, would have the form shown as the upper "no flaw" 
signal. In order to separate the relatively weak flaw signal from the 
strong "no flaw" signal, it is necessary to choose the pulse width small 
enough that the "no flaw" signal is essentially zero when the flaw signal 
arrives. For crack depths of the order of 0.1 mm. in low conductivity 
materials of interest, it turns out that this means pulse widths should be 
of the order of 10 nanoseconds or less. It also turns out that this is 
very difficult to achieve experimentally, because the excitation pulse 
from an inductive source coil tends to ring. 
•No FLAW" SIGNAL 
Fig. 4. Incident fields H0 (t) and "no flaw" signals for Gaussian (top) 
and hyperbolic tangent (bottom) pulse shapes. 
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For this reason we have decided, in our experimental work, to use a 
different pulse shape in which the current increases linearly with time 
over a certain period, and then undergoes a sharp transition to a constant 
value. The 10 nanosecond requirement still holds, but it now refers to 
width of the transition period, rather than the overall pulse width, and 
is therefore easier to achieve. 
The H0 function plotted in the lower part of Figure 4 is the 
hyperbolic tangent, which has a shape somewhat like that of the pulse 
described above. The transition region is much broader, relative to the 
period of linearly increasing current, than we would hope to acheive 
experimentally. On the other hand, the hyperbolic tangent pulse 
simplifies the mathematics and should serve as a reasonable first 
approximation in the study of the effects of pulse shape on the flaw 
signal. 
We have therefore taken 
H0 (t) = H0 tanh(t/T) (9) 
where the time constant T determines the widths of the linear and 
transition periods of the pulse and "no flaw" signal. The simplification 
alluded to above is that this choice of H0 makes ~0 in (2) a series of 
Dirac delta functions, and the k-integration in (2) becomes trivial. The 
final expression for the tangential electric field on the crack face is 
then 
-2 I 
~=1 
(- 1 )~ [o~2(x,n,k =I 2~~0a/T)] e-2~t/T 
ox x=o 
( 10) 
where again 0~2/ox is determined by numerical solution of (5). When this 
is substituted in (8) the integral over ~ can be evaluated analytically, 
leaving only a single integration over the crack depth to be performed 
numerically. 
NUMERICAL RESULTS AND DISCUSSION 
Before discussing the results of our computations, let us first note 
that the model is rather idealized in the sense that it treats a crack of 
infinite length and a plane wave transmitter and receiver. Also, and 
partly because of these idealizations, the model does not address the 
relative magnitudes of the flaw and "no flaw" signals, which is certainly 
an important parameter in a practical crack detection system. On the 
other hand, the model should provide reasonable approximations to the 
decay characteristics of the flaw and "no flaw" signals. It should, 
therefore, be able to tell us whether there is indeed a crack depth effect 
in the transient flaw signal, and whether these depth-related features 
persist at times after the large "no flaw" signal has died away. 
A typical result is shown in Figure 5, in this case for a crack depth 
of 0.4 mm., a 10 nanosecond time constant, and a material conductivity 
about 1% that of copper. The dashed curve is the "no flaw" signal and the 
solid curve is the flaw signal, both normalized to the same peak value. 
Here the flaw signal decays much more slowly than the background signal, 
and it should be possible to see the influence of the crack on the 
receiver voltage as the pulse decays. 
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Fig. 5. Calculated crack signal (solid curve) and "no flaw" background 
(dashed curve) for a hyperbolic tangent pulse with a 
10 nanosecond time constant and a 0.4 mm crack depth. 
In the next two figures we concentrate on the behavior of the flaw 
and "no flaw" signals in the first quadrant of the graph in Figure 5, 
because this is where we hope to see differences in flaw and background 
signal decay, and in flaw signals as a function of depth. The plots in 
Figures 6a and 6b are logarithms of signal amplitude, again normalized to 
the same number at peak amplitude, as a function of time. The horizontal 
axis length in both figures is 10T, where T is the time constant, and the 
vertical axis covers about 4 orders of magnitude. The numbers 5, 10 and 
15 refer to crack depths in units of 0.001 inch (0.025 mm.). 
Both figures show a flaw signal dependence on crack depth similar to 
what one would expect from the crack tip/point flaw model described 
earlier. Thus these results, as well as other calculations not shown 
here, show that there is a definite crack depth dependence in the 
transient features of pulsed eddy current signals, and that this 
dependence is consistent with the idea that crack tip enhancement plays a 
major role in determining the decay features of signals from cracks. We 
might also note that the results are in qualitative agreement with 
experimental data reported elsewhere?, though the experimental system has 
not been optimized and conclusions drawn from the data should be 
considered tentative. 
The effect of the time constant on the relative decay rates of flaw 
and background signals can be seen by comparing Figures 6a and 6b. With 
the 10 nanosecond time constant used in Figure 6a, decay times for the 
deeper cracks are significantly greater than the "no flaw " decay time, 
and measurement of crack depths in this range should therefore be 
possible. On the other hand, the results for a 100 nanosecond time 
constant shown in Figure 6b indicate that the transition time for this 
pulse shape is too large, and crack depth information is likely to be 
obscured by the background signal. 
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Fig. 6. Semi-logarithmic plots of flaw and background signals for 10 (a) 
and 100 (b) nanosecond time constants. Length of the time aKis 
is 0.1 ~sec i n (a) and 1.0 ~sec in (b) ; numerical labels are 
crack dep ths i n units of 0.001 inch (0.025 mm). 
The time constant we refer to in these calculations is that defined 
by (9) and determines the time scale for the hyperbolic tangent eKcitation 
pulse. Use of this particular pulse shape, as we have noted, was largely 
a matter of mathematical convenience, and, based on our earlier discussion 
of pulse shape effects, is not optimum. Use of a pulse with a smaller 
transition region relative to the ramp period could produce results that 
differ from those shown in Figure 6. 
For this reason, one of the things we hope to do in future studies is 
repeat the calculations described here for an eKcitation pulse that more 
closely resembles what we expect to achieve experimentally. Also, to 
improve the usefulness of the model, we need to provide estimates of the 
relative magnitudes of flaw and "no flaw" signals, as a function of 
transmitter and receiver geometry. 
For the present, however, the model described here has served its 
intended purpose. It has produced a theoretical demonstration that pulsed 
eddy current signals from surface-breaking cracks contain depth-related 
features, and has provided a preliminary assessment of pulse shape effects 
on the feasibility of crack depth measurement. 
ACKNOWLEDGEMENTS 
The authors are grateful to J, o. Achenbach for suggesting the 
approach used to solve the wave equation, and t o T. A. Cruse for advice on 
numerical solution of the resulting integral equation. 
This work was sponsored by the Cente r for Advanced Nonde structive 
Evaluation, operated by the Ames Laboratory, USDOE, for the Air Force 
Wright Aeronautical Laboratories/Materials Laboratory, under Contract No. 
W-7405-ENG-82 with Iowa State University. 
196 
REFERENCES 
1. J, L. Fisher, R. E. Beissner and J, E. Doherty, "Exploratory 
Development on Advanced Eddy CUrrent Coil Excitation and Signal 
Processing", Final Report on AFWAL Contract No. F33615-81-C-5036, 
in press. 
2. A. H. Kahn, R. Spal and A. Feldman, "Eddy CUrrent Losses due to a 
Surface Crack in Conducting Material", J, Appl. Phys. 48, 4454 
( 1977). 
3. p, M. Morse and H. Feshbach, "Methods of Theoretical Physics", 
McGraw-Hill, New York ( 1953), Section 7.4. 
4. G. A. Korn and To M. Korn, "Mathematical Handbook for Scientists and 
Engineers", McGraw-Hill, New York ( 1968), P• 320. 
5. p, M. Morse and H. Feshbach, "Methods of Theoretical Physics", 
McGraw-Hill, New York (1953), Section 7.2. 
6. B. A. Auld, Theoretical Characterization and Comparison of 
Resonant-Probe Microwave Eddy-Current Testing with Conventional 
Low-Frequency Eddy-CUrrent Methods, in: "Eddy-Current 
Characterization of Materials and Structures", ASTM STP 722, 
G. Birnmaum and G. Free, eds., American Society for Testing and 
Materials, Philadelphia (1981). 
7. J, L. Fisher, R. E. Beissner and J, E. Doherty, "Eddy current Pulse 
Shaping for Crack Depth Measurements", these proceedings. 
197 
